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I. INTRODUCTION
Associating polymers are a class of responsive soft materials with versatile properties that can be tailored molecularly via molar mass, molecular structure and bonding interactions (strength, position and distribution of bonding groups). [1] [2] [3] The versatility of their properties, which can vary from solid-like (for example, gels) to liquid-like, gives them a central role in several technological advances, including self-healing 4 and reinforced materials [5] [6] [7] , sensors 8, 9 , cosmetics 10 , and drug delivery. 11, 12 Despite the large body of literature on the dynamics of transient networks from associating polymers, tailoring the molecular features of polymers in order to achieve optimal
properties, e.g. combine mechanical toughness, ductility, good swelling behavior and selfhealing, remains a formidable challenge. To this end, several efforts focused on various ways to alter properties, such as networks with different kinds of interactions or solvent-mediated gelation. [13] [14] [15] Another possibility is to use polymeric systems with complex molecular structures and different kinds of bonds combined with selective functionalization; this offers several opportunities for tailoring intermolecular interactions. To this end, dendronized polymers (DPs) are interesting candidates. 16, 17 One of the most interesting characteristics of dendronized polymers is the high degree of tunability of their molecular structure. Such polymers can be considered as molecular cylinders the aspect ratio of which can be varied to obtain slender wormlike molecules or compact bulky objects. 18 Subsequently, a variety of mechanical behaviors is attainable by acting on the degree groups are relatively weak and give rise to a stiff network only when the degrees of polymerization of the underlying polymers are large enough to provide enhanced correlation between neighboring molecules due to a large number of binding events. As a consequence, the value of the low frequency plateau of the elastic modulus increases. 20 Recent developments in synthetic chemistry allowed for the functionalization of complex molecules with strong hydrogen bonding units in order to form supramolecular aggregates. 22 Among the variety of hydrogen bonding groups, 2-ureido-4[1H]pyrimidinone (UPy) is one of the strongest units used. This group can form an array of four hydrogen bonds with an exceptionally strong dimerization constant in chloroform (K dim > 10 6 M -1 ) and is synthetically readily accessible. 23 Functionalization with UPy has already been proven to be a good strategy to form novel supramolecular polymers [24] [25] [26] and strong transient supramolecular networks [27] [28] [29] [30] starting from rather simple unentangled molecules. Incorporation of UPy groups in structurally complex systems such as dendronized polymers is an unexplored field yet offering the attractive possibility to explore the impact of UPy on the dynamics of dendronized polymers. This concerns two rather different cases: the one, in which the UPy groups are positioned at the ends of the branches and the one, in which they reside in the interior of these thick macromolecules.
This latter case is particularly intriguing in that it provides insight into how much steric load around a UPy group is required in order to shut down its capability to engage in intermolecular hydrogen bonding events.
In this work, we propose an efficient methodology to tailor rheology and fracture by means of controlled intermolecular interactions in DPs. To this end, we have synthesized DPs featuring short backbone degrees of polymerization P n ≈ 40, generations g = 1 -3 and a degree of dendritic substitution with UPy moieties ranging from 0 -50% based on the number of functional groups at the g = 1 level. These DPs differ in the openness of their dendritic structure as well as in the average distance between UPy moieties along the backbone. For the firstgeneration DPs, the UPy moieties are located at the molecular outer "surface", whereas the UPy moieties become increasingly immersed inside the dendritic structure with increasing g. The thermomechanical properties of these novel systems were investigated as a function of UPy substitution and generation number by differential scanning calorimetry, shear rheology and uniaxial extension. Thickening in shear and ductile-to-brittle transition in extension when the UPy content increases were found. These intriguing features are not typically observed in polymer melts, including DPs, and underline the crucial role of the strong UPy bonds. A specific annealing protocol was followed in order to achieve consistency between measurements on different samples.
II. EXPERIMENTAL SECTION

II.1 Dendronized Polymer Synthesis.
The synthetic approach towards DPs of generation numbers g = 1 -3 bearing various fractions of UPy at the g = 1 level is outlined in Scheme 1.
Reaction of the known macromonomer 1c 16 with trifluoroacetic acid (TFA) afforded a statistical 6 mixture of mono-and doubly-deprotected species along with unreacted starting material, from which the desired product was easily isolated by column chromatography owing to the vastly different polarities of the compounds involved. Thus, 2a was obtained on a multi-gram scale (50 -60% yield from 1c). Subsequently, macromonomer 2b was quantitatively obtained from 2a in a coupling reaction with CDI-activated 6-methylisocytosine (3), which has been demonstrated in the literature to proceed smoothly with primary amines. 31 The two synthesized monomers, i.e.
1c bearing two Boc-protected amines and 2b comprising one Boc and UPy motif each in the side chains, were subjected to radical polymerization as specified in Table 1 to give PG1-P n -UPy(ƒ).
Here, the terms P n and (ƒ) denote the approximate backbone degree of polymerization and the theoretical molar fraction of UPy (based on the number of end groups in PG1) in the copolymers, respectively. The polymerization conditions were carefully chosen in order to obtain shortchained samples lacking the ability for entanglements (Entries 1 -6; M n ≈ 21 kDa, P n ≈ 40 as determined by GPC in DMF). Higher generation numbers (g = 2,3; Entries 7 -14) were synthesized in a g by g fashion, i.e. by applying the commercially available g = 1 dendronization reagent 1d in a two-step deprotection-coupling protocol. 16 The conversion of these postpolymerization dendronization reactions, i.e. the degree of DP structure perfection, was determined by labeling of possibly unreacted peripheral amines with 1-fluoro-2,4-dinitrobenzene (Sanger's reagent) and quantification of the resulting absorbance at 357 nm via UV-Vis spectrophotometry. 32, 33 As the characteristic absorbance band of UPy is centered around 282 nm, 34 no interference between UPy and Sanger-labeled sites was assumed. Thus, the calculated degrees of structure perfection exceeded 99% for all g. All details on synthesis and characterization are located in sections S1 and S2 of the Supporting Information. The rheological investigations were carried out on selected samples, which allowed to extract a comprehensive picture. PG1-40 with a UPy content ranging from 0 to 25%, were pre-annealed in a vacuum oven at 100 °C for 8 days in order to avoid ageing effects. The pre-annealing temperature is well-above the glass transition of such samples (see section III.2). However, our TGA measurements confirm that T = 100 °C is in the safe range for preventing degradation during long-time annealing (for exemplary TGA traces cf. section S7 of the Supporting Information).
After pre-annealing, the samples were cooled-down and stored in vacuum at room temperature.
In order to carry out rheological measurements, the pre-annealed samples are shaped to discoid specimens with a radius of 3 − 4 mm and a thickness of 0.8 − 2 mm. In general, compression molding in vacuum is used to obtain the discs. However, the samples obtained with compression molding at high temperature were difficult to extract from the mold because of their brittleness at room temperature. For this reason, the annealed powders were cold-pressed to discoid capsules using vacuum molding at room temperature. The capsules were loaded into the rheometer and allowed to melt and homogenize at T g + 50 °C for 20 minutes. Thereafter, the temperature was Nonlinear shear measurements were performed with a homemade cone-partitioned plate geometry to prevent artefacts from edge fracture instability. 35 The temperature for nonlinear shear was chosen as T g + 45 °C for most of the samples.
II.4.3 Uniaxial extension.
Extensional measurements were performed on a filament stretching rheometer (Vader 1000 from Rheo Filament ApS). The specimens were formed to cylinders of 6 mm diameter with cold-pressing. Nonlinear extensional measurements on the samples investigated were performed at T g + 29 °C. The aspect ratio Λ 0 = ℎ/ 0 of the samples ranged from 0.73 to 0.97, with ℎ being the height of the sample and 0 being the radius.
III. RESULTS AND DISCUSSION
III.1 DP composition and UPy-dimerization.
The monomer composition ratios in the PG1- In all cases, the observed polymer composition was found to be within a very narrow range compared to the feed molar ratio, suggesting a statistical distribution of both monomers in the PG1-UPy copolymers due to arguably identical reactivity ratios and no significant promotion of chain transfer by the UPy motif (cf. Table 1 and section S3 of the Supporting Information).
In the case of PG1, the UPy groups are located at the topological periphery of the grafted dendrons. Hence, they can participate in both inter-and intramolecular associations. For higher polymer generations, the UPy groups remain at the g = 1 level, i.e. they are immersed in the dendritic structure and surrounded by the large g = 2 or g = 3 dendrons. The NMR spectra of these higher generation DPs indicate that UPy-dimerization takes place in all samples with the exception of PG3-40-UPy5. However, the above discussed dimer signals cannot normally be On the other hand, such an effect is opposed by supramolecular groups which restrict local motion of the dendrons. As shown previously in the literature for other randomly UPyfunctionalized copolymers, the T g values of the PG1-40-UPy samples increase in a linear fashion with the number of hydrogen bonding side groups (from ~38 °C in PG1-40-UPy0 to ~127 °C in PG1-40-UPy50). [27] [28] [29] At virtually identical backbone chain lengths (P n ≈ 40), the enthalpy steps involved in the glass transition of these copolymers decrease with increasing UPy content, consistently, as inferred from the relative DSC heat flow traces normalized by the sample weight (cf. Figure S4 (a) of the Supporting Information). Moreover, the concomitant broadening of the transition becomes particularly apparent from the respective differentiated DSC traces (cf. Figure   S4 (b)). The observed results can be rationalized by the formation of a supramolecular network involving the strongly hydrogen bonding UPy groups, which act as temporary cross-links. By increasing the number of UPy groups in the copolymers, the network's mesh size is reduced and, hence, chain dynamics are slowed down and the available free volume is decreased.
By comparison, the interpretation of the results obtained for the higher-generation DPs in this study appears more complex, as the segmental mobility of these DPs becomes additionally 14 related to the generation number. Increasing the dendron generation increases both the number of dangling end groups and the number density of the branching points, i.e. the compactness of the structure. However, end groups and branching sites affect the glass transition in opposite directions: On the one hand, increased branching affords denser packing and reduces the local segmental mobility, which ultimately leads to an increase of T g . On the other hand, a larger number of peripheral end groups enhances local fluctuation and effects a decrease of T g . [37] [38] [39] Figure 1b 
III.3.1 Ageing protocol and reproducibility of the measurements.
In previous work, we have reported that dendronized polymers undergo ageing due to the tendency of dendrons to mutually interpenetrate in order to minimize intermolecular density gradients. 20 Because of steric hindrance and cooperative rearrangement of the dendrons, the ageing process is rather slow with the required time depending on the initial state of the particular sample. In our previous report on dendronized polymers 20 we followed a specific protocol for the equilibration of the samples, namely, we loaded the specimen in the rheometer and monitored the temporal evolution of the dynamic moduli at a fixed temperature until they reached a plateau. Then, we started linear 
III.3.2 Effect of coverage of the outer molecular surface with UPy groups. As described above,
Boc groups can be replaced by UPy groups. Figure 3 In the high frequency range, the sample PG1-40-UPy5 has similar behavior as PG1-40-UPy0.
However, the transition from high frequency behavior to the terminal regime is characterized by the tendency of the elastic modulus to form a plateau. 
. Figure 3 
III.3.3 Shielding the interactions by immersing the UPy groups in the inner part of the molecule.
UPy moieties can be immersed in the inner part of the molecule by growing classic generations on top of the first one. As intermolecular bonding mainly occurs between the outermost branches of different molecules, growing classic generations on top of the branches functionalized with UPy should screen strong intermolecular UPy-interactions. Figure 4 shows the mastercurves of UPy-functionalized samples with weakly interacting second- (Figure 4a ) and third-generation (Figure 4b ) classic dendrons. Since measurements were limited to linear viscoelasticity, the samples were annealed according to the previously used protocol. 20 In both cases, increasing the UPy content in the inner part of the molecule from 0 to 25% does not contribute significantly to the plateau modulus. This becomes particularly apparent for g = 3 where the screening of UPy groups is much more effective. Note that the terminal regime of PG3-50 is broader than PG1-50 and PG2-50. Also, PG3-50 (with more chain ends and therefore sticky Boc groups) exhibits an elastic plateau which is absent for PG1-50 and PG2-50. The broadness is attributed to a combination of stiffness, polydispersity, exchange of associations (hydrogen-bonding and Boc, and pi-pi stacking, but not intermolecular Upy-associations). Hence, it is evident that it is possible to incorporate a UPy group inside such a macromolecule (DP is third generation) without affecting its linear viscoelastic properties. We specular that such an embedded group could have specific function, for example with applications in controlled drug release. of UPy fraction, we obtain a number of stickers per chain = × 0.1 = 8 . As abovementioned, an approximative estimation of the bond lifetime based on the sticky Rouse model yelds ~13 s. If we consider the inverse of the strain rate as characteristic experimental timescale, at the two highest strain rates the estimated bonding lifetime would be larger than the experimental timescale for PG1-40-UPy10. Such condition determines strain hardening due to stretch of the side-branches before dissociation of the terminal groups. However, strain hardening occurs even at the lowest rates. We speculate that this is due to the cooperativity of supramolecular associations and topological constraints in hindering the complete decorrelation of the side-dendrons before stretching of branches occurs (Velcro picture) even at the lowest rates. The transition from ductile to brittle behavior upon increase of the UPy molecular content can be explained tentatively from a microscopic perspective by considering the evolution of the particular structure of UPy-functionalized dendronized polymers in uniaxial extensional flow.
III.4 Nonlinear Rheology.
III.4.1 Uniaxial extension. PG1-40-
The configuration of such polymers in the molten state is akin to short bulky objects with finite Figure S12 , section S11 of the Supporting Information.
Extensional rates are indicated in the corresponding panels with the symbol E.
If the fraction of Upy groups is below 5%, the modulus of the DPs is relatively low and they can deform elastically, giving rise to ductile response. With such a low fraction, bond breaking is not (a) In analogy to the extensional behavior, strain hardening in shear is attributed to stretching of the dendrons before bond-breakage occurs. In particular, the transition from ductile to brittle behavior in extension can be related to the capacity of UPy-DPs to undergo shear thinning in simple shear. Figure 8 reports the applicability of Cox-Merz rule to UPy-DPs. The applicability of such rule to the unfunctionalized sample is confirmed. However, the introduction of small amounts of UPy to the molecules implies the failing of Cox-Merz. In particular, the steady state viscosity of the sample PG1-50-UPy5 tends to shear thinning at larger values of shear rate compared to the linear prediction, however when shear thinning occurs, the power-law decay of viscosity has a larger exponent than the LVE prediction (faster decay of viscosity upon shear rate). Both ductile samples have the ability to shear thin in nonlinear shear. The strain hardening in shear has the same origin as in extension, i.e. stretching of the dendrons before hydrogen bonds are broken. In this view, larger dendrons of generation 2 and 3 are expected to show a However, when the UPy content is less than 5%, the molecules can easily disengage from each other and diffuse (a distance equivalent to their center of mass). Hence, they display shear thinning in shear and ductility in extension.
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On the other hand, the samples PG1-40-UPy10 and PG1-40-UPy25 do not really have the possibility to shear thin, as it can be observed in Figure 8 . Indeed, sample PG1-40-UPy10 exhibits failure of Cox-Merz rule as for PG1-UPy5. Moreover, catastrophic failure occurs before shear thinning is observed. Strong shear fracture hinders the possibility to detect steady state viscosity in the shear thinning regime. A similar behavior is observed also for PG1-40-UPy25. between two inter-molecular Upy-bonds. Indeed strain hardening in shear is a characteristic feature of FENE models. [51] [52] [53] Based on this picture, Upy-DPs of second and third generation are expected to show a less pronounced shear strain hardening as the number of segments between branches, and consequently the extensibility parameter, are larger compared to Upy-DPs of first generation. Investigation along this direction is subject of future work. Figure 10 shows that the transient viscosity overshoot at high shear rates scales with the strain, the value ( Regarding the PG2 and PG3 samples with UPy groups in the interior (at the g = 1 level), we find that already one dendron generation beyond g = 1 suffices to effectively block-off intermolecular UPy interactions, as proven by the virtually identical mechanical response of both DPs. This is in stark contrast to shielding experiments with structurally closely related DPs which carry solvatochromic probes at the g=1 level instead of UPy. While solvent is still able to swell the corresponding DPs up to the fourth generation, the similarly sized UPy groups evidently cannot mutually interpenetrate beyond the second generation. The very fact that UPy groups are part of a macromolecule and not as independent as solvent molecules seems to have a bearing on this unexpected finding. The absence of intermolecular dimerization was used to create a situation in which the UPy groups could not dimerize at all, a case which because of the high binding constant had never been observed. In PG3-40-UPy5, the UPy groups are so spaced out along the main chain that they cannot find each other anymore resulting in the absence of the so typical 
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